Stroke, as a major risk factor for chronic impairment of upper limb function, can severely restrict the activities of daily living. Recently, robotic devices have been used to enhance the functional upper extremity movement of stroke patients. The purpose of the current study was to assess whether a robotassisted reach training program using a whole arm manipulator (WAM) could improve upper extremity kinematic performance and functional movement for chronic stroke patients. Using a single-group design, this study followed 10 people with chronic stroke (6 men, 61.5 years; Mini-Mental State Examination score: 27.0; onset duration: 8.9 years). WAM with seven degrees of freedom for the shoulder, elbow, and wrist joints was used during robot-assisted reach exercises. Subjects participated in the training program for 40 minutes per day, 2 times a week, for 4 weeks. The main outcome measures were upper extremity kinematic performance (movement velocity) for three directions and functional movement (Action Research Arm Test). Upper extremity kinematic performance and functional movement measures were performed three times: at baseline, during intervention (at 2 weeks), and post intervention. Upper extremity kinematic performance and functional movement showed improvement after two weeks (P < 0.05) and four weeks (P < 0.05) of training compared to baseline. The findings of the current study demonstrated the positive effects of short-term robot-assisted reach training on upper extremity kinematic performance as well as functional movement in individuals with chronic stroke. In addition, the findings of the current study may provide valuable information for subsequent randomized controlled trials.
Introduction
Stroke can cause permanent neurological damage or death. Despite the availability of many acute management and treatment techniques, stroke patients live with various functional disabilities that affect daily living activities (Kolominsky-Rabas et al. 2001) . Although stroke patients can regain independent walking ability through advanced therapeutic interventions, complete recovery of upper extremity function is uncommon (Nakayama et al. 1994 ). According to a previous study on the probability of regaining dexterity in flaccid upper extremity, only 11.6% of stroke patients made a complete functional recovery six months after stroke (Kwakkel et al. 2003) . Since most daily living activities are associated with fine motor performance of the upper extremity, recovery of upper extremity function is the primary goal of stroke rehabilitation (Nakayama et al. 1994; Staubli et al. 2009 ).
In the field of stroke rehabilitation, many potential therapeutic approaches and interventions such as biofeedback, repetitive task training, constraint-induced movement therapy (CIMT), mirror therapy, brain stimulation, and robot-assisted therapy have been used to restore upper extremity function (Pollock et al. 2014) . Among these therapeutic approaches, CIMT and robot-assisted therapy have been demonstrated to be more effective than conventional stroke rehabilitation care (Turner et al. 2013) . In recent years, robot-assisted training in particular has been used as a therapeutic intervention to improve upper extremity function of stroke patients (Peter et al. 2011) . Robotic devices used for enhancement of upper extremity function are divided into four types of modalities (active, active-assisted, passive, and resistive) according to how force is passed to the paretic arm (Basteris et al. 2014) . With these features, robotic devices allow users to participate in interactive training and motor relearning via high-intensity, repetitive, and frequent tasks (Peter et al. 2011; Basteris et al. 2014) . Frisoli et al. (2012) reported that robotic-assisted training with a focus on point-to-point reaching movements was effective in rehabilitating the functional movement of the upper limbs of a group of nine chronic stroke patients. In addition, Staubli et al. (2009) investigated the effect of intensive arm training with rehabilitation robots and found that three of four stroke patients showed significant improvements on motor performance. However, although robotic devices have been used for upper extremity rehabilitation after stroke (Mehrholz et al. 2008) , scientific evidence for their benefits is still insufficient. In particular, despite some studies reporting the effectiveness of robotic devices in improving upper limb motor function and strength after stroke (Lo et al. 2010; Basteris et al. 2014) , it is unclear whether the improvements in function and strength transfer to activities of daily living.
Therefore, the purpose of the current study was to assess whether a robot-assisted reach training program using a whole arm manipulator (WAM) could improve upper extremity kinematic performance and functional movement of chronic stroke patients. We hypothesized that chronic stroke patients would show improvements in upper extremity kinematic performance and functional movement after four weeks of robot-assisted reach training using WAM. The overall goal of this study was to provide a reference point for a subsequent randomized controlled trial.
Subjects and Methods

Subjects
Twelve chronic stroke patients participated in this study. Subjects were screened according to the following inclusion and exclusion criteria. Inclusion criteria were 1) hemiparesis from a single stroke occurring at least six months prior, 2) sufficient cognition to follow simple instructions and understand the purpose of the study (Mini-Mental State Examination [MMSE] score > 18 points) (Masiero et al. 2011) , 3) absence of a musculoskeletal condition that could affect the ability to sit safely, and 4) absence of hemispatial neglect. Exclusion criteria were 1) participation in other studies or rehabilitation programs, 2) shoulder subluxation or pain in the upper limbs, or 3) spasticity (Modified Ashworth Scale score > 2) (Frisoli et al. 2012) . Two of the 12 potential subjects were excluded because they failed to meet the inclusion criteria. Ultimately, 10 subjects (6 male, 61.5 years; MMSE: 27.0; onset duration: 8.9 years) were included in the study. Clinical and demographic data with baseline clinical assessment at enrollment are presented in Table 1 . Subjects were recruited from the local community. They were not presently receiving any rehabilitation services such as, physical or occupational therapy. For clinical data at baseline, the Modified Ashworth Scale (MAS) is considered the primary clinical measure of muscle spasticity for patients with neurological conditions. In addition, the Medical Research Council (MRC) scale is considered the primary clinical measure of muscle strength for patients with neurological conditions. In this study, we used only the shoulder portion of the MRC scale to evaluate the participations.
Procedure
A single group-case design was used to investigate whether robot-assisted reach training could improve upper extremity kinematic performance and functional movement. The 10 subjects were briefed on the experimental procedure, and written consent was collected from all subjects prior to the experiment. Human subject ethical approval was obtained from the relevant committee of the Korea National Rehabilitation Center Institutional Review Board (NRC-2012-05-035) prior to conducting the experiment.
All subjects underwent the training program two times a week for four weeks. A single training session was 40 minutes in duration and was led by the same assistants. All 10 subjects completed the training sessions.
Subjects were assessed for functional movement with the Action Research Arm Test. In addition, upper extremity kinematic performance was measured using movement velocity for upper limb reaching. Measurements of functional movement and extremity kinematic performance were performed three times: at baseline, during intervention (at 2 weeks), and post-intervention.
Study protocol (robot-assisted reach training program)
The robot-assisted reach training program was conducted in a test bed. The training test bed consisted of one whole arm manipulator (WAM) (Barrett Technology, Inc., Newton, MA, USA) and one projective display device (Fig. 1A) . The WAM was set at seven degrees of freedom for the shoulder, elbow, and wrist joints during the training sessions. The WAM provides a highly back-drivable motion that helps the user reach the desired sphere using point-topoint movements. In addition, the WAM can assist when either proving weight support or proving force is the aim of task completion. A 120-inch projective display attached to the front of the test bed was The training test bed is consisted of whole arm manipulator (WAM) and a projective display. The WAM was set at seven degrees of freedom for the shoulder, elbow, and wrist joints during the training sessions. The WAM provides a highly back-drivable motion that helps the user reach the desired sphere using point-to-point movements.
used to provide suitable visual and auditory feedback to the user. Subjects performed the robot-assisted reach training exercises while wearing the WAM and sitting on a chair. In addition, subjects wore a trunk-fixed belt to minimize compensatory movement and the likelihood of emergency situations (Fig. 1B) . Once the training began, red and gray balls appeared on the projective display and the subjects performed reaching movements toward targets in threedimensional space in three directions (Fig. 2) . The red ball was linked with upper limb movements of the subject, and auditory feedback was provided when the red and gray balls matched. One task consisted of three phases: moving toward the target, manipulating the target, and returning from the target. While performing the training exercises, the velocity from the starting point to the target point and the target point to the starting point was recorded.
To prevent accidents due to fatigue, an assistant stood nearby and emergency stop devices were installed. All subjects participated in the robot-assisted reach training program for 40 minutes per day, 2 times a week, for 4 weeks. Rest breaks were allowed if requested, but were not included in the overall walking time.
Outcome measurements
Upper extremity kinematic performance: Upper extremity kinematic analysis was based on the performance of a reaching movement toward targets. Performance was analyzed in accordance with movement velocity. The formula used to determine movement velocity was as follows:
Movement time was defined as the time from the starting point to the target point and the time from the target point to the starting point. Movement distance was defined as the distance from the starting point to the target point and the distance from the target point to the starting point. Movement velocity was recorded while the participation reached from the hand point to the target point and returned to the hand point. The subjects' movements were executed to reach different targets placed in ipsilateral, central, and contralateral positions. Data were transferred to MATLAB software for further analysis.
Functional movement: The Action Research Arm Test (ARAT) was used to measure functional movement. ARAT is designed to assess upper limb disability through the assessment of four basic movements, including primary grasp, grip, pinch, and gross movements of flexion and extension at the elbow and shoulder. Each test is graded on a four-point scale, from 0 (unable to complete any part of the hand or arm movement) to 3 (normal performance), yielding a maximum score of 57 (Yozbatiran et al. 2008) .
Data analysis
Data analysis was performed using SPSS, Version 21.0 (SPSS Inc., Chicago, IL, USA). The Shapiro-Wilk test was used to confirm the normal distribution of all outcome variables. All variables (functional movement and upper extremity kinematic performance in three directions) were normally distributed; therefore, we chose one-way Upper extremity kinematic analysis was based on the performance of a reaching movement toward targets. Performance was analyzed in accordance with movement velocity. Movement velocity was recorded while performed reaching from the hand point to the target point (Approach: P1) and return back to the hand point (Return: P2). Red and gray balls appeared on the projective display and subject performed reaching movement towards to a target in three directions (A). The red ball is linked with hand movements of a subject. The subjects' movements were executed to reach different targets placed at ipsilateral, central and contralateral positions (B).
analysis of variance with repeated measures using a within-subject factor at three levels (pre-training and 2 and 4 weeks after training). If a significant main effect was found, paired t-test was used to determine between which comparisons the differences existed. All outcomes are expressed as mean values and standard deviations. Statistical significance was accepted for P < 0.05.
Results
A summary of the general characteristics of the 10 subjects who fulfilled the inclusion criteria is shown in Table 1. Table 2 and Fig. 3 show the changes in upper extremity kinematic performance (movement velocity) and functional movement (ARAT), respectively. Regarding movement velocity for target 1, after four weeks of training, significant improvement in upper extremity movement velocity was observed (P < 0.05). Regarding movement velocity for target 2, after two and four weeks of training, significant improvement in upper extremity movement velocity was observed (P < 0.05). Regarding movement velocity for target 3, after two and four weeks of training, Values are expressed as mean (standard deviation) or numbers. The MAS is considered the primary clinical measure of muscle spasticity in patients with neurological conditions. MRC scale is considered the clinical measure of muscle strength in patients with neurological conditions. This study used only the shoulder part as characteristics of the subjects. A summary of the general characteristics of the 10 subjects with chronic stroke who fulfilled the inclusion criteria for the study is shown in Table 1 Values are expressed as mean (standard deviation). 1 Difference between baseline and after training (2 week).
2 Difference between baseline and after training (4 week). *Significant differences between baseline and 2 weeks after training, P < 0.05. # Significant differences between baseline and 4 weeks after training, P < 0.05. Table 2 shows the changes of the upper extremity kinematic performance and functional movement. After 4 weeks of robot assisted reaching training for 3 directions, significant improvement on upper extremity kinematic performance and functional movement were observed in individuals with chronic stroke (P < 0.05).
ARAT, Action Research Arm Test.
significant improvement in upper extremity movement velocity was observed (P < 0.05). In addition, after two and four weeks of training, subjects showed significant improvement in upper extremity movement velocity on the ARAT (P < 0.05).
Discussion
Stroke is a risk factor associated with chronic impairment of upper limb function (Nakayama et al. 1994; Mehrholz et al. 2008) . Therefore, restoration of upper limb function is an essential goal of stroke rehabilitation. According to a published survey on robotic devices for upper limb rehabilitation, the objective of robotic devices for upper limb rehabilitation is starting to move away from validating device safety to refining therapeutic benefit (Maciejasz et al. 2014) . Therefore, the current study was conducted in order to investigate the efficacy of a robotassisted reach training program on upper extremity kinematic performance and functional movement in chronic stroke patients. After four weeks of robot-assisted training, improvements in upper extremity kinematic performance and functional movement were observed in 10 individuals recovering from stroke.
In a hospital setting, various clinical assessment tools are used to determine the effectiveness of upper limb rehabilitation using a robotic device (Mehrholz et al. 2012 ). However, upper extremity dysfunction is often more severe than lower limb dysfunction (Pandian and Arya 2014) . In addition, clinical assessment alone is insufficient to accurately evaluate the degree of impairment (Kim et al. 2014) . Recent studies of stroke rehabilitation using robotic devices have focused on kinematic movement measurement (Bosecker et al. 2010; Kim et al. 2014; Rohafza et al. 2014) . Kinematic movement measurement provides information regarding the ability to move the extremities through space (Rohafza et al. 2014 ) and kinematic movement measurement is considered suitable to obtain specific and accurate motion data (Kim et al. 2014) . In particular, according to recent studies of robot-assisted training for stroke patients, the combination of kinematic assessment and traditional clinical scales may allow for quantitative evaluation of motor impairment (Patterson et al. 2011; van Dokkum et al. 2014 ). Thus, this study evaluated upper limb kinematic movement when performing a reaching task in tandem with the use of clinical scales.
The movement pattern of the upper limb is facilitated by complex structure. In particular, stroke patients have an abnormal movement pattern of the paretic upper limb due to motor dysfunction, paresthesia, and spasticity (Morris et al. 1997 ). Thus, many previous studies of upper limb training have emphasized that stroke rehabilitation training paradigm is needed to provide more detailed information about the components of movement (Basteris et al. 2014; Pollock et al. 2014) . In particular, it was highlighted that specific and repetitive tasks are most effective in acceleration of neuroplasticity of the brain (Hubbard et al. 2009; Timmermans et al. 2010) . Liao et al. (2012) reported that repetitive robot-assisted upper limb rehabilitation can After 4 weeks of robot-assisted reach training for 3 directions, significant improvement on upper extremity kinematic performance (movement velocity) was observed in individuals with chronic stroke (P < 0.05). Interestingly, upper extremity kinematic performance (movement velocity) for 3 directions showed highest improvement after 2 weeks of intervention. MV-T1, movement velocity for target 1; MV-T2, movement velocity for target 2; MV-T3, movement velocity for target 3.
improve motor function and arm activity of stroke patients, and Frisoli et al. (2012) demonstrated that robotic-assisted rehabilitation training including reaching and spatial antigravity movements induced decrement of movement time and improvement of motor recovery and functional movement. Findings from the current study are consistent with previous studies; we believe that the specific and repetitive tasks implemented during robot-assisted reach training led to an improvement of functional movement of the upper extremity in stroke patients. Interestingly, another notable result was observed in this study: functional movement (ARAT) constantly improved during the four-week intervention. On the other hand, kinematic performance (movement velocity) in three directions showed the highest degree of improvement after two-week intervention (Fig. 3) . This result indicates that the two-week robot-assisted reach training may be sufficient for achieving the beneficial effects. However, functional movement patterns require fast movement to solve problems as well as the ability to perform accurately (Hubbard et al. 2009 ). We think that participants in our study focused on the accuracy of their movements rather than movement velocity after two weeks of intervention. This was confirmed by the continuous improvement of functional movement during the intervention period.
The protocol associated with robot-assisted reach training is another important issue suggested by the current study. Functional movement of the upper extremity after stroke is one of the most important factors for performing the independent activities of daily living (Mercier et al. 2001) . Because the reaching motion of the upper limb in various directions enables independent activity (Kim et al. 2014) , many previous studies of robot therapy have developed training protocols related to goal-directed reaching movements (Burgar et al. 2011; Frisoli et al. 2012 ). In addition, training tasks related to the activities of daily living can provide substantial therapeutic effects and induce strong motivation to recover from injury (Hubbard et al. 2009 ). Thus, the current study conducted point-to-point reaching movements to provide specific and repetitive tasks similar to the actions associated with the activities of daily living (eating, drinking, etc.) . However, since motion of the upper extremity cannot be represented by just a single activity, we think that further studies related to various daily living activities must be conducted.
In conclusion, the findings of the current study demonstrated the positive effects of short-term robot-assisted reach training on upper limb kinematic performance as well as functional movement in individuals with chronic stroke. However, this study has some limitations. First, despite the fact that improvement of upper extremity function was observed in all patients compared to baseline, this study had no separate control group. In addition, this study included only high-functioning stroke patients. Thus, the results of the current study cannot be generalized to all stroke patients. However, since the purpose of the current study was to assess whether a robot-assisted reach training program could improve upper extremity functional movement of chronic stroke patients, the findings of this study may provide basic information for a subsequent randomized controlled trial. In addition, since data for the clinical evaluation of robotic devices for upper limb rehabilitation are still sparse, a randomized controlled trial using a larger sample size will be necessary. Second, it is known that the inertia level of a robotic device may affect the difficulty level associated with certain movements. The higher inertia of the WAM (25-27 kg) in this study may have interfered with the training regimen. Thus, further studies of robotassisted reach training applied with low inertia will also be required.
